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Abstract Gene-specific transcription activators are among the
main factors which specifically shape the transcriptome profiles.
It is tempting to take advantage of their properties to decipher
the genome expression circuitry. The advent of microarray
technology has offered fantastic opportunities to quickly analyze
the expression profiles dictated by specific transcription factors.
This review will first focus on the strategies which have been
devised to control the activity of transcription factors and in the
second part on the microarray experiments which addressed the
role of these transcription factors in the genome-wide expression
profile. This last part will mainly consider the case of the yeast
Saccharomyces cerevisiae genome. All the collected data are
available through the on-line database yTAFNET (http://
transcriptome.ens.fr/ytafnet/). yTAFNET is designed to help
the characterization of connections between the different yeast
regulatory networks. ß 2001 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction
Since future progress in our understanding of gene expres-
sion processes will undoubtedly be derived from genetic and
biochemical approaches, it seems likely that genome-wide ex-
pression analyses will provide the most signi¢cant new dimen-
sion to the ¢eld in the near future. One of the most funda-
mental questions is to understand how transcriptional
activators and the many components of the transcription ini-
tiation machinery collaborate to regulate gene expression. The
wealth of information coming from genome sequencing proj-
ects coupled with the powerful DNA microarray technology
could be used to devise new rationale approaches. Two quan-
titatively di¡erent levels of regulation can be distinguished
when one considers either the modi¢cations of the chromatin
structure or the involvement of gene-speci¢c transcription fac-
tors. Several genome-wide studies have already addressed the
role of chromatin modifying enzymes and of various compo-
nents of the initiation apparatus (Fig. 1). Among at least half
a dozen chromatin modifying enzymes, the role of the histone
deacetylase (HDAC) Rpd3 has been examined by treating
wild type yeast cells with the trichostatin A, an HDAC inhib-
itor, or by analyzing the transcription pro¢le of yeast deletion
strains [1]. It was thus found that the yeast HDACs, Rpd3,
Sir2 and Hda1, play distinct roles in regulating genes involved
in cell cycle progression, amino acid biosynthesis and carbo-
hydrate transport and utilization. It was also shown that the
Saccharomyces cerevisiae Swi^Snf complex, involved in nucle-
osome remodelling, exerts its e¡ect at the level of individual
genes rather than over large chromosomal domains [2,3]. Sim-
ilarly, Chd1 has been shown to exert both positive and neg-
ative e¡ects on transcription of 2^4% of all genes [4]. The
global e¡ects of depleting nucleosomal histones and silencing
factors (Sir2, Sir3, Sir4 and Rap1) were also investigated and
it was found that sub-telomeric genes were derepressed over
regions extending 20 kb from the telomeres indicating that
histones make Sir-dependent contributions to telomeric silenc-
ing, and that the role of histones located elsewhere in chro-
mosomes is gene-speci¢c rather than generally repressive [5].
The gene-speci¢c involvement was also demonstrated by mi-
croarray analyses in the cases of di¡erent elements of the
transcriptional machinery like the yeast mediator [6,7] or dif-
ferent TFIID or SAGA complexes [8,9]. However, most of
these microarray experiments involving yeast strains with mu-
tations in speci¢c transcriptional proteins do not allow the
determination of whether the observed positive or negative
e¡ects are due to the direct action of the transcriptional reg-
ulatory protein at the a¡ected promoter. Thus, relative pro-
moter association studies using chromatin immunoprecipita-
tion could demonstrate that the NC2 heterodimer directly
a¡ects 17% of S. cerevisiae genes in a pattern that resembles
the response to general environmental stress [10].
More generally these experiments reveal an unanticipated
level of regulation which is superimposed on that due to gene-
speci¢c transcription factors. The connections between these
two classes of regulations are a fundamental question in the
¢eld of eukaryotic gene expression. This review will be fo-
cussed on the genome-wide properties of the gene-speci¢c
transcriptional factors. In the simple eukaryote S. cerevisiae
roughly 4% of the genes encode proteins which are likely to be
speci¢c transcriptional factors because they have a typical
DNA-binding domain. About 30% of them have been dem-
onstrated to act as transcription activators and in most of the
cases very little information is available concerning the com-
plete set of target genes under the control of a given transcrip-
tional factor. A more complete knowledge of the di¡erent
regulation networks is however a prerequisite if one wishes
to describe and control the expression of the genome. We
will review the genome-wide analyses which have addressed
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the regulatory properties of gene-speci¢c transcription factors
after a brief review of the methods which have been used to
control the activity of these factors.
2. Control of the transcription factor activity
Addressing the speci¢c role of a transcription activator is
always a di⁄cult question since it is known that transcription
factors are tightly regulated and act through several types of
interactions which, in a combinatorial association, determine
the speci¢city of the activation process. The rather naive ap-
proach in which a disrupted strain devoid of a transcription
factor is compared to the wild type strain in standard growth
conditions may generally not be very informative because of
compensatory e¡ects [11]. However, microarray analysis of
gene expression in developing retinal tissue from Crx(+/+)
and Crx(3/3) mice demonstrated that cDNA microarrays
could be used in these conditions to de¢ne the transcriptional
networks controlled by transcription factors in vertebrate tis-
sue in vivo [12]. Several experimental approaches have been
devised to reveal the set of target genes which are under the
control of a speci¢c transcription activator. The less arti¢cial
endeavours to reveal the properties of gene-speci¢c transcrip-
tion activators are to systematically study the transcriptome
variations within a natural process like the human or yeast
cell cycle [13^15] or the yeast sporulation [16]. Cluster analy-
ses and characterization of common elements in the promoter
of the co-regulated genes constituted good evidence in favor
of the role of speci¢c transcription activators like SBF, MBF,
Mcm1, SFF, Ace2, and Swi5 [15]. The direct interaction of
some of these factors with their cognate promoter could be
further documented by immunoprecipitation experiments [17],
such an information being essential to a correct analysis of
systematic target gene analysis [18]. Another general approach
has been used in the case of the yeast transcription factor
Zap1 which senses cellular zinc status [19]. It was reasoned
that Zap1-regulated genes would be expressed at higher levels
in zinc-limited wild type cells than in zinc-replete cells. More-
over, these genes would be expressed at higher levels in zinc-
limited wild type cells vs. zinc-limited zap1 mutants. Forty six
target genes of Zap1 could thus be identi¢ed. This was an
e⁄cient way to distinguish direct and indirect target genes
of a transcription factor, a problem which is not properly
addressed when overexpression of the transcription factor,
in a wild type or gain of function form, is compared to its
total absence in a disruptant strain. Direct overexpression of a
transcription factor compared to its total absence was used in
the early microarray experiments [20,21] but, more recently,
time-course expression of the activated transcription factor
associated with a kinetic analysis of the evolution of the tran-
scriptome was designed to distinguish the direct target genes,
early activated, from the indirect e¡ects which lead to late
activations or repressions. The di¡erent time-dependent ex-
pression systems relied on conditional promoter control [22]
like in the cases of the tumor suppressors WT1 [23] or p53
[24]. In the case of the yeast transcription factor Pdr1, this
kinetic approach revealed that all the early induced target
genes contain at least one pleiotropic drug responsive element
in their promoter in agreement with a direct regulatory pro-
cess [25]. More generally, the activity of the transcription fac-
Fig. 1. How many genes are regulated by a yeast transcription factor? Seventy two published experiments (complete list available at http://tran-
scriptome.ens.fr/ytafnet/) have been analyzed to extract the number of up- or down-regulated genes corresponding to di¡erent states of a tran-
scription factor. Only genes which were two-fold induced or repressed are considered. Each pie represents the proportion of genes that are up-
regulated (in red) or down-regulated (in green) in the mutant compared to the wild type condition. The color of transcription factor names
symbolizes the type of experiment: blue = deletion, black = chromatin immunoprecipitation, brown = gain of function or overexpression. The size
of the pie is dependent on the total number of genes whose expression changed in the experiment (indicated in brackets). The logarithmic scale
of pie size is represented at the bottom of the ¢gure.
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tor rather than its expression can be controlled. Especially
interesting is the possibility to control the regulation of tran-
scription factors through expression of chimeric forms [26,27].
The hormone-binding domain of steroid receptors can be used
to master the function of heterologous transcription factors
by hormonal control in cis [28]. One of the most interesting
applications of this strategy was followed to identify the MYC
target genes [29]. A MYC^ER fusion protein was induced
with the estrogen analog 4-hydroxy-tamoxifen and 27 genes
were consistently induced and nine genes were repressed.
More generally, systematic domain swap experiments have
revealed that activation domains are functionally autonomous
units able to stimulate RNA polymerase II activity when
fused to a heterologous DNA-binding domain [30]. Ge-
nome-wide expression analyses have recently shown that the
DNA-binding domain of a transcription factor like Pdr1 can
speci¢cally recognize all the cognate promoters and activate
transcription, provided that it is linked to a constitutive acti-
vation domain [25]. More sophisticated approaches aimed at
constructing arti¢cial transcription factors [31] by designing
arti¢cial DNA-binding domains [32], arti¢cial activating re-
gions [33] or both [34]. In the design of this last synthetic
activator, the protein DNA-binding module was replaced
with a hairpin-polyamide composed of N-methylpyrrole and
N-methylimidazole amino acids that bind in the minor groove
of DNA with a great speci¢city, a dimerization element that is
known to form a coiled-coil, residues 251^281 of the yeast
protein Gcn4 and a synthetic activation domain composed
Fig. 2. Connectivity matrix of yeast regulatory networks. Each line or column represents a published microarray experiment in which the target
genes of a transcription factor (TF) were identi¢ed. Only genes which were two-fold induced or repressed are considered. The intersection of
two experiments is ¢gured by a square divided in two parts: the upper and lower parts of the square represent, respectively, the percentage of
the transcriptome associated to TF no. 2 that is common with TF no. 1 and vice versa (see model square at the bottom right). The color of
each half square region is related to the value of this percentage. The scale of colors is indicated at the right of the ¢gure. For example, a
square which is half green and half red means that the transcriptome associated to the TF on the red side is a small part of the transcriptome
associated to the TF on the green side. The more both half squares are red, the more the two corresponding TFs share perfectly overlapping
transcriptomes. The colors for the experiment names are identical to Fig. 1.
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of a 20 amino acid amphipathic peptide [34,35]. It will be
interesting to analyze the genome-wide regulatory of such
arti¢cial transcription factors which certainly represent a great
promise to control the genome properties.
3. Microarrays and transcription activators
The yeast S. cerevisiae certainly o¡ers today the widest
collection of genome-wide expression analyses. As of April
2001, 50 independent studies encompassing a large spectra
of experimental conditions (more than 1000) have been pub-
lished. Several databases presenting systematic management
and analysis of yeast expression data were proposed [36]. Re-
cently, a database called yMGV was constructed to allow a
direct visualization and data mining of the microarray data
[37]. Among these 50 studies, nine speci¢cally address the role
of gene-speci¢c transcription factors. The strategies used to
study these di¡erent genetic networks have been presented
above and they take advantage of the many mutants which
are available in yeast. Since all the corresponding results could
not be presented in this review, a special database was made
available at the following web address: http://transcriptome.
ens.fr/ytafnet/. The yeast transcription activator factor net-
work (yTAFNET) is an on-line database providing a synthetic
view of the transcription expression pro¢les resulting from the
published genome-wide yeast studies directly related to the
role of gene-speci¢c transcription factors. yTAFNET supports
queries across the data from all the updated experiments. It
allows the user to ask several questions relevant to the role of
gene-speci¢c transcription factors in the genetic regulatory
circuitry of the genome. Thus it is possible to: (i) establish
the list of target genes activated or repressed by a given tran-
scription factor and corresponding to a chosen induction/re-
pression level (1.5, 2, 3), (ii) compare di¡erent expression pro-
¢les, and (iii) determine the overlap between di¡erent
transcription regulatory networks. A schematic analysis of
these overlaps is presented in Fig. 2. For each overlap and
for a two-fold induction or repression level the intensity of the
color re£ects the percentage of target genes which are shared
between the two considered regulatory networks. More pre-
cise information containing the exact number of genes in-
volved and the name of these genes can be obtained from
the website database. It should be emphasized that assembling
a single database from microarray data of di¡erent origins,
generally not standardized and of irregular quality, could lead
to misinterpretations if the user does not go back to the orig-
inal publication. Nevertheless it can be useful to have a syn-
thetic view of these scattered data. One important aspect of
such an analysis is to directly ¢gure the connections between
the two main levels of regulation presented in this review: the
regulatory networks controlled by gene-speci¢c factors and
the general control of the chromatin modifying enzymes or
various components of the initiation apparatus.
4. Perspective
It has been proposed [38] that gene regulatory circuits with
virtually any desired properties can be constructed from net-
works of simple regulatory elements. DNA chip technologies
associated with the speci¢c properties of transcriptional acti-
vators o¡er extremely powerful approaches to characterize
these regulatory elements and decipher the interactions be-
tween the regulatory networks which compose the di¡erent
facets of genome expression. This approach, however, should
be able to discriminate between direct and indirect e¡ects of
the activation of a gene-speci¢c transcription factor by design-
ing, for instance, time-course experiments. Moreover, direct
assessment of relative promoter association in vivo using
chromatin immunoprecipitation analysis will be a necessary
complement of the expression pro¢ling data. Quite interest-
ingly, these genome-wide approaches can be extended to com-
pletely unknown new putative transcription factors which
have a typical DNA-binding domain [25] and which have
been discovered in the frame of the genome sequence studies.
These studies should eventually lead to the complete graph of
regulatory networks associated with model genomes and to
the description of the functional modules which most prob-
ably compose the living cells [39].
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